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Understanding the mechanisms of protein folding requires knowledge of
both the energy landscape and the structural dynamics of a protein. We
report a neutron-scattering study of the nanosecond and picosecond
dynamics of native and the denatured o-lactalbumin. The quasielastic
scattering intensity shows that there are o-helical structure and tertiary-
like side-chain interactions fluctuating on sub-nanosecond time-scales
under extremely denaturing conditions and even in the absence of disul-
fide bonds. Based on the length-scale dependence of the decay rate of the
measured correlation functions, the nanosecond dynamics of the native
and the variously denatured proteins have three dynamic regimes. When
0.05<Q<0.5 A" (where the scattering vector, Q, is inversely pro-
portional to the 1en§th—scale), the decay rate, I, shows a power law
relationship, I' o« Q*** * %%, that is analogous to the dynamic behavior of
a random coil. However, when 0.5<Q < 1.0 A™', the decay rate exhibits
a I' o« Q"0 #92 relationship. The effective diffusion constant of the protein
decreases with increasing Q, a striking dynamic behavior that is not
found in any chain-like macromolecule. We suggest that this unusual
dynamics is due to the presence of a strongly attractive force and collec-
tive conformational fluctuations in both the native and the denatured
states of the protein. Above Q>1.0 A~ is a regime that displays the
local dynamic behavior of individual residues, I' « Q'® * 3. The picose-
cond time-scale dynamics shows that the potential barrier to side-chain
proton jump motion is reduced in the molten globule and in the
denatured proteins when compared to that of the native protein. Our
results provide a dynamic view of the native-like topology established in
the early stages of protein folding.
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Introduction

During the protein-folding process, a polypep-
tide chain can form partially folded intermediate

Proteins have the remarkable ability to fold accu-
rately and quickly for biological activities. Under-
standing the mechanisms of protein folding
remains an important task in biology. The rate of
protein folding is determined by both the energy
landscape and by the protein dynamics.'~” While
the energy landscape of protein folding has been a
subject of intense study, little is known experimen-
tally about the dynamic behavior of an unfolded
protein.

Abbreviations used: QENS, quasielastic neutron-
scattering; Q, scattering vector; I', decay rate; D,
effective diffusion constant.
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states to avoid searching a large conformation
space on the energy landscape. Learning the struc-
tural characteristics of the partially folded inter-
mediate can help us to elucidate how proteins
fold.® The protein-folding intermediates are con-
sidered to be heterogeneous.”'® However, whether
protein tertiary contacts occur along with the sec-
ondary structures in the early stage of protein fold-
ing remains undetermined."'""® Protein folding
in vivo may be quite different from in vitro, since a
polypeptide may fold co-translationally and pro-
tein folding in vivo sometimes needs the assistance
of molecular chaperones. Studying the structural
dynamics of a denatured protein can help us learn
the physics and chemistry principles that govern
protein folding.

© 2001 Academic Press
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Because of the importance of knowing both the
structure and the dynamics in understanding pro-
tein folding, we have used quasielastic neutron-
scattering (QENS) to study protein-folding
dynamics. In a QENS experiment, the scattering
intensity is a function of both the scattering vector,
Q, and the neutron energy transfer, AE, caused by
the density fluctuation of the measured molecules.
Here Q =4nsin6/A, where 20 is the scattering
angle and A the wavelength, and AE =fio where /i
is the Planck constant and o the angular frequency
of the neutrons. QENS therefore measures the scat-
tering vector-dependent decay rate of the density
fluctuations correlation function on picosecond to
nanosecond time-scales.'* Additionally, like static
large-angle diffuse X-ray or neutron-scattering
experiments on proteins in solution,'®> QENS can
also probe changes in the correlation maxima cor-
responding to the secondary and tertiary structural
changes of a protein. Dynamic as well as structural
information of a protein can therefore be extracted
from a QENS experiment.

We have reported a QENS study on the pico-
second dynamics of the native and the molten
globule of a-lactalbumin, and have found that
the potential barrier to side-chain torsional
motion is reduced in the molten globules."
Here, we use QENS to study the nanosecond
and the picosecond dynamics of native and var-
iously denatured states of o-lactalbumin. We
show that the nanosecond dynamics of o-lactal-
bumin has three dynamic regimes on the length
scale of 0.05<Q<175A"! studied by QENS.
For scattering vector values 0.05<Q<0.5 A",
the characteristic decay rate I' of the density cor-
relation function follows a power law relation-
ship TocQ*#*+09% that is close to the I'oxQ?
power law relationship found in polymer-chain
dynamics.’”!® However, at 0.5<Q<1.0A", in
contrast to a polymer chain, I' of both the native
protein and the denatured states follows a
I QM0 £92 power law relationship. The effective
diffusion constant I'/#(Q* decreases with increas-
ing Q. This unusual dynamics behavior indicates
the existence of a new dynamic regime in
denatured proteins that has lower conformational
entropy than does a polymer random coil. There
are also correlated conformational fluctuations in
a protein even under extremely denaturing con-
ditions. Additionally, the quasielastic intensity
demonstrates the coexistence of secondary and
tertiary  structural  fluctuations in  highly
denatured states of a-lactalbumin with the disul-
fide bonds reduced. Our results reveal that
native-like topology exists in highly denatured o-
lactalbumin. Because of the presence of such
strong interactions, the dynamics of denatured
proteins  distinguish ~ themselves from the
dynamics of ordinary polymers.

The small, calcium-binding protein o-lactalbu-
min represents a class of proteins that can form
partially folded intermediates, the so-called molten
globules.” Native a-lactalbumin has two domains

Figure 1. The structure of native a-lactalbumin. There
are four disulfide bonds. The calcium ion is located in
the helix-turn-helix motif that spans the interface
between the o and the B-domains.

(see Figure 1), the a-domain (consisting largely of
o-helices), and the B-domain (which has a signifi-
cant B-sheet content).?’ a-Lactalbumin also has four
disulfide bonds, two in the a-domain, one in the
B-domain and one cross-linking the two domains.
The structure of the a-lactalbumin molten globule
is highly heterogeneous, having a structured
o-domain  with some native-like packing
interactions, but an unstructured p-domain
and loop regions.?'** The denatured states of
a-lactalbumin are also heterogeneous. From NMR
equilibrium studies, Schulman et al.*® have shown
that the unfolding of a o-lactalbumin molten
globule is non-cooperative, and that the
a-domain remains a collapsed core in the
denatured states.

Recently Portman et al.” have developed a fold-
ing rate theory by analyzing the microscopic
dynamics of chain motions. Portman et al. have
extended the Rouse-Zimm formalism in polymer
dynamics to incorporate chain internal friction aris-
ing from the isomerization of the backbone dihe-
dral angles. The Rouse-Zimm model considers the
conformational entropy as the source of restoring
force for a random coil away from equilibrium.
The folding rate of A-repressor was calculated
based on the Portman model. Possible contri-
butions of residue-specific interactions to the com-
plexity of protein folding dynamics are further
acknowledged by Portman et al.,” who therefore
consider the motion of an unfolded protein to be
more restricted than that of a polymer chain.” It
would be interesting to have a direct comparison
of the neutron-scattering experimental results with
the theoretical model on the same protein in the
future.
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Results

The nanosecond dynamics shows the
presence of dynamic regimes and strongly
correlated density fluctuations within the
native protein and the denatured states

We have compared the QENS dynamics results
of the native and the denatured a-lactalbumin to
the dynamics of model polymer random coils.
A brief review of the dynamics behaviors of a ran-
dom coil is given here. It is established in polymer
physics that the dynamics of a random coil has
three regimes.'”'® (1) When QR, <1, T' oc Q% as in
the case of a freely diffusing partlcle, where R
the radius of gyration of the molecule. (2) Wﬁen
QR >1, the chain dynamics follows the (Rouse-
Zlmm model): T'oc Q* (Rouse model) due to the
polymer chain conformation entropy effect, and
when long-range intramolecular interactions are
absent.”® Zimm has made a correction for a ran-
dom coil with long-range hydrodynamic inter-

actions in a dilute solution®” TI'ocQ® (Zimm
model).
The Rouse-Zimm model was later further

improved to incorporate the barrier to bond tor-
sional motion and chain rigidity or the intramole-
cular viscosity effects?®? to give a power exponent
between 2 and 3.° (3) On even shorter length-
scales when Q, > 1 (r is the size of a residue),
I' o 7, is a dynamic regime that is characteristic of
local dynamics of an individual residue without
“sensing”” the interactions with its nearest
neighbors.?!

Figure 2(a) and (b) show the neutron-scattering
results. Figure 2(a) shows the nanosecond decay
rate (I' or 1/1) of the density correlation function
as a function of momentum transfer Q. There are
three dynamic regimes in both the native protein
and the unfolded proteins. In one regime, when
0.05< Q< 0.5 A~' (corresponding to 0.8 < QR, <8
where R,, the radius of gyration of the native olac-
talbumln is ecz[ual to 16 A), a power-law relation-
ship o Q***9% js found. This result is
analogous to the dynamics of a rigid polymer
chain with internal viscosity when QR, > 1.7

However, when 0.5<Q <1.0 A~' {correspond-
ing to 8<QR,<16), a power-law relationship
I oc Q0% 92 g obtained (see Figure 2(a)), signify-
ing a new dynamic behavior that is different from
that of any chain-like polymers. This unusual
dynamics behavior can also be viewed from the Q
dependence of the effective diffusion constant,

D =T'/hQ? (see Figure 2(b)). The effective diffu-
sion constant, D first increases with Q in the
region of 025<Q<05A", and then Dy
decreases with Q when 0.5 < Q < 1.0 AL

A third dynamic regime appears at Q > 1.0 A~
(corresponding to QR, >16) where T ocQ"®*0?
indicating that the local dynamics of individual
residues becomes apparent. In the region of
Q>1.0A"", Dy becomes independent of Q. It is
also 1nterest1ng to point out that the native protein

and the differently denatured proteins have the
same magnitude of the decay rate, despite the
changes in the overall dimension of the unfolded
states and the increased viscosity at high denatur-
ant concentrations (see Figure 2(a) and (b)).

The picosecond dynamics shows reduced
potential barrier to side-chain torsional motion
in the molten globule and in the

denatured protein

Figure 3 shows the picosecond dynamic decay
rate I'; (see Materials and Methods) versus Q. On
picosecond time-scales, QENS determines proton
jump motions. Since in a deuterium-exchanged
protein the majority of the protons are on the
hydrophobic side-chains, the rotational jump
motion (or side-chain rotamer torsional motion)
are mainly measured. Figure 3 shows that on long-
er length-scales of Q < 1.0 A1, the side-chain pro-
tons undergo spatially restricted motion in  the
native protein, the molten globule and the
denatured protein. The 9 M urea-denatured pro-
tein shows a less restricted long-range motion than
the native protein and the molten globule, since
the decay rate increases with Q, but the motion is
still restricted, since the intercept of the decay rate
Tt (or 1/7;) versus Q* cannot reach zero, as found
in freely diffusive motion. On shorter length-scales
of Q>10A"", when dominated by local
dynamics, the potential barrier to jump motion is
reduced in the molten globule and in the
denatured proteins. The above results on native
a-lactalbumin and molten globules are also consist-
ent with our previous picosecond QENS studies,'®
though an improved data fitting routine has been
adopted in the present study by fitting the QENS
spectra with two Lorentzian functions to seperate
out the protein internal motion from the center-of-
mass motion of the protein.

Tertiary-like side-chain interactions and
residual helical secondary structures are both
present in highly denatured a-lactalbumin

In static X-ray and neutron-scattering exper-
iments on native proteins, secondary structure and
tertiary side-chain packing interactions give rise to
scattering maxima at defined scattering vector
Q values that signify each structure. Helical
secondary structures give a maximum at
Qa1 ~ 0.87 A1, corresponding to a Bragg
distance of 7.2 A5 Side-chain packing interactions
generate a scattering maximum at
QO ~ 1.32 A1, corresponding to a Bragg
distance of about 47 A. From large-angle X-ray
scattering experiments and computational analy51s
on native globular proteins, the Q, ...~ 1.32 A1
maximum has been shown to be caused mainly
by the long-range side-chain packing inter-
actions.'??%%

Figure 4 is a 3D representation of the scattering
intensity of a-lactalbumin as a function of both the
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Figure 2. (a) The nanosecond decay rate ( (or 1/7) as a function of Q. (b) The effective diffusion constant D =T/
liQ? of the native protein and the denatured proteins as a function of the scattering vector. Note that the two data
points at Q = 0.05 and 0.16 A~! were collected on the new neutron spin-echo spectrometer at NIST and protein con-
centration effect on the reduction of diffusion constant was taken into account.

scattering vector, Q, and the neutron energy trans-
fer, AE. The scattering intensity of the native pro-
tein shows two maxima, one at Q, ., ~ 0.87 A~!
and another one at Q,.,~132A°1 (see
Figure 4(a)), indicating the presence of the helical

structure and the side-chain packing interactions,
respectively.

The two maxima do not disappear in the var-
iously denatured o-lactalbumin samples as shown
in Figure 4(b) to (d). Reducing the disulfide bonds
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Figure 3. The picosecond decay rate I'; (or 1/1¢) as a function of Q.

in 9 M urea with 10 mM DTT did not diminish the = denaturing conditions with the disulfide bonds
maxima either (see Figure 4(d)), suggesting the  reduced. Since the measured dynamic range spans
persistence of significant amount of helical struc-  from about 3.8 x 107" to 1.3 x 107 second, the
tures and tertiary-like side-chain interactions under  corresponding helical structure and the long-range
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Figure 4. The 3D colored contour maps of the neutron-scattering intensity versus scattering vector Q and the energy
transfer AE =ho of the (a) native o-lactalbumin, (b) pH =2.0 molten globule, (c) a-lactalbumin in 9 M urea, and (d)
o-lactalbumin in 9 M urea and 10 mM DTT. The dynamic range measured spans from 3.8 x 107'! to 1.3 x 10~°
second.
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side-chain interactions are fluctuating on several
hundred picosecond time-scales (see Figure 2).

Discussion

The nanosecond QENS results show that a pro-
tein exhibits the dynamic behavior of normal poly-
mer chains only on certain length-scales. In the
case of a-lactalbumin, the Rouse-Zimm formalism
is observed at 0.05<Q<05A7!,  since
Mo Q>42£008  and at Q>1.0A"!, the local
dynamics of a single residue (or bead) are demon-
strated, since I" oc Q'8 £ 93, .

However, at 05<Q<1.0A7!, an unusual
dynamics behavior is observed, since I' o« Q10 * 92,
or the effective diffusion constant decreases with
increasing Q. The power law relationship of
I['x Q' found in a protein versus the T' o Q* for
random coils suggests that the conformational
entropy is significantly lower in an unfolded pro-
tein than in a random coil. A decrease in the effec-
tive diffusion constant D, is a peculiar dynamic
behavior that is not observed in chain-like poly-
mers. This dynamic behavior is probably analo-
gous to the “interactive diffusion” or collective
density fluctuation phenomenon found in con-
densed atomic fluids and colloidal fluids upon
melting,**?> due to the presence of attractive force
and collective conformation fluctuations. Based on
the QENS results, we suggest that there are corre-
lated conformation fluctuations and strongly non-
local, attractive forces within both the native and
the denatured proteins.

The QENS intensity shows that there are fluctu-
ating helical structure and long-range tertiary inter-
actions in even highly denatured states, though the
overall structure of the denatured states is disor-
dered as evidenced by the expansion of the overall
dimension of the protein upon denaturation and
the reduced barriers to side-chain torsional motion
as determined from the picosecond QENS. Both
the residual secondary structure and tertiary-like
long-range interactions are fluctuating over several
hundred picoseconds in both the native protein
and in the highly denatured states of a-lactalbu-
min.

The length-scale dependent decay rate of corre-
lation function and the QENS scattering intensity
demonstrate the presence of stronly correlated
structure dynamics within the native protein, the
molten globule, and the denatured a-lactalbumin.
Highly correlated structural dynamics may be a
universal intrinsic property of a polypeptide chain
that has the ability to fold into a native protein.
Collective dynamics and the presence of strongly
attractive forces suggest that at least some regions
of the denatured states are condensed. The QENS
results are thus consistent with the findings that
the molten globule of a-lactalbumin has a native-
like tertiary topology,” and the residue-specific
NMR study that finds o-lactalbumin has a col-
lapsed core with structured o-helices under dena-

turing conditions.® The individual residues
contributing to the native-like topology in a-lactal-
bumin molten globules have been identified to be
mainly hydrophobic and in the a-domain.*

We have demonstrated the persistence of the
residual helical structure and tertiary-like inter-
actions even in the absence of disulfide bonds
under highly denaturing conditions. There is evi-
dence that a denatured protein can have ordered
secondary and tertiary structures.’’~*° Under phys-
iological conditions, an unfolded polypeptide
chain may also be compact.*! The QENS results on
a-lactalbumin thus support the view that concur-
rent formation of secondary and tertiary structure
clusters can occur in the early stages of protein
folding.'%*

Materials and Methods

Materials

Native bovine a-lactalbumin and the acid form of mol-
ten globules at p*H 2.0 for QENS experiments were pre-
pared as described.'® Denatured o-lactalbumin was
prepared by dissolving deuterium-exchanged o-lactalbu-
min in 20 mM glycine-ds, HCl (p?H 2.0), H,O in 9 M
deuterated urea solution. The disulfide bond-reduced,
denatured state was prepared by dissolving the protein
in 9M urea and 10 mM (1,4-dithio-D,L-threitol) DTT,
20 mM glycine-ds, 2HCl (p*H 2.0) and *H,O. Protein con-
centrations were 60 mg/ml for the native protein and
about 15-20 mg/ml for the non-native states to avoid
aggregations.

Quasielastic neutron-scattering experiment

Neutron-scattering experiments were conducted at the
high flux backscattering spectrometer (HFBS) and the
disc chopper spectrometer (DCS) of the National Insti-
tute of Standards and Technology Center for Neutron
Research. The dynamic ranges (FWHM) of the instru-
ment were 1-35 peV on HFBS , and 32-1000 peV on DCS.
The scattering vector Q range varied from 0.25 to
1.75 A=' corresponding to a length-scale of 25.1-3.6 A.
The samples were loaded in a 0.8 mm thick Teflon-
coated, aluminum annulus for measurements. Data col-
lection times were about 24 hours on protein solutions
and on the buffer background, respectively. Measure-
ments were made at 30 °C. Background-subtraction and
initial data treatments were performed as described.'®
The background-subtracted scattering intensity was nor-
malized by protein concentration and the neutron counts
from a beam monitor placed before the sample.

Neutron-scattering function and data analysis

The scattering intensity as a function of scattering vec-
tor and neutron energy transfer can be described by:

5'(Q. 0)
50Q)

where S(Q) is the structure factor. From equation (1), it is
apparent that the structural features S(Q) of the
measured sample, like a Bragg peak, can be shown in
the Q dependence of quasielastic scattering intensity.

1Q, ) =5(Q) @
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Table 1. The solvent viscosity, and the o-lactalbumin diffusion coefficient D. and hydrodynamic radius Ry, at 30 °C

2H,0 buffer at

9 M urea in 9 M urea, 10 mM DTT in

?H,0 buffer p’H=20 H,0 ’H,0
Solvent viscosity n (cp) 1.3500 1.3500 2.0561 2.0561
a-Lactalbumin D, (cm?/s) 9.61 x 1077 8.05 x 1077 3.50 x 1077 1.00 x 1077
a-Lactalbumin Ry, (A) 17.1 30.8 107.8

D. = kgT/6mnR,, where kg is the Boltzmann constant, T is the temperature in Kelvin, 1 is the solvent viscosity.

The term:

S/

is the dynamic structure factor, i.e. the Fourier transform
of the correlation function:'®

50.0) = 5 [ (00)p(t) expl—iondt @)

Note that in equation (2), we do not attempt to deter-
mine if the dynamic structure factor arises from the
coherent scattering or the incoherent scattering, since
both have the same I" versus Q relationship.*?

The scattering spectra from the HFBS nanosecond
dynamcis experiments were fit by a single Lorentzian
function L(w, I'):

S(Q, ®)rps = exp(—Q* (%) /3)AQ)L(w, T) 3)
® R(Q, ®)yrps + Bo + Bio

where the term exp(—Q*u?)/3) is the Debye-Waller

factor:

1 T
L(w,T) = o SO
is the Lorentzian function, with I'" being the half width at
half maximum of the Lorentzian function, which is the
characteristic decay rate of the correlation function. A(Q)
is the quasielastic intensity. R(Q, ®)ypps in equation (3) is
the instrument resolution function that is convoluted
with the quasielastic, Lorentzian function L(w, I'). R(Q,
®)prps can be determined by measuring the scattering
from vanadium, and B, + B, is the baseline.

The picosecond dynamics spectra collected from DCS
were fit by two Lorentzian function Lg(o, I'y) and L (o,
I',), representing a slow mode of motion and a fast mode
of motion, respectively:

S(Q. w)pcs = exp(—Q*(u?)/3)
x [AHQ)Le(, T¢) + AJ(Q)Ls(o, T)] )
® R(Q, ®)pcs + Bo + Biw

where the term exp(—Q*u?)/3) is the Debye-Waller
factor and:

1 Ty
Li(®, Tf) =————
f( f) - F% T (1)2
and:
1 T
L I)=————=
s(, Ts) T2 4 o

are Lorentzian functions with I'y and I'y being the half

width at half maximum of the Lorentzian functions. The
decay rate I'y or 1/1; of the fast mode represents the
internal dynamics of the proteins, and the decay rate of
the slow mode T’y or 1/1, approxmately represents the
center-of-mass diffusive motion of the protein. A(Q) and
A,(Q) are the quasielastic intensities of the fast mode and
slow mode motion, respectively; R(Q, ®)pcs is the instru-
ment resolution functions that is convoluted with the
quasielastic, Lorentzian functions L¢(w, I'y) and Ly(o, T),
respectively; B, + B,o is the baseline. R(Q, ®)pcg can be
determined by measuring the scattering from vanadium.

The results of the DCS time-of-flight data analysis
methods described here are similar to what is described
by Perez et al.,** though the two Lorentzian function fit-
ting method developed in our study is straightforward
and easy to implement experimentally. Note that
although the L (w, I'y) obtained from DCS is comparable
to the L(w, I') obtained from HFBS, the value of L (o, Iy)
was mostly below the DCS instrument resolution R(Q,
®)pcs S0 that no information about the slow internal
motion of the protein can be obtained from DCS or Ly(o,
r,).

Dynamic light-scattering experiments

Dynamic light-scattering (DLS) experiments were per-
formed to characterize the hydrodynamic radius of the
native and the variously denatured o-lactalbumin
samples in dilute protein solutions. The long length-scale
decay rates obtained from DLS (of Q = 0.00107 A™") can
be used to estimate the center-of-mass diffusion of the
proteins. DLS experiments were performed on a Dyna-
Pro-MS800 dynamic light-scattering instrument (Protein
Solutions, Inc., Charlottesville, VA) at a fixed scattering
angle of 90° and with the wavelength of the laser beam
being 8324 A. Proteins used in the DLS experiment were
in 2H,0O buffers like those used in the QENS exper-
iments. DLS experiments were performed at 30.0°C. The
diffusion coefficients D. and the calculated hydrodyn-
amic radii R,, are listed in Table 1.
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